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Macroscopic dark matter (macros) are a broad class of alternative candidates to particle dark
matter. These candidates would transfer energy primarily through elastic scattering, and this linear
energy deposition would produce observable signals if a macro were to pass through the atmosphere.
We produce constraints for low mass macros from the null observation of bolides formed by a
passing macro, across two extensive networks of cameras built originally to observe meteorites. The
parameter space that could be probed with planned upgrades to the existing array of cameras in
one of these networks still currently in use, the Desert Fireball Network in Australia, is estimated.
I. INTRODUCTION
Assuming General Relativity is the correct theory of
gravity on all scales, there is considerable evidence for
dark matter. Macroscopic dark matter (macros) is a
broad class of dark-matter candidates, with wide still-
allowed ranges of masses Mx and cross sections σx, that
represents an alternative to conventional particle dark
matter.
Of particular interest would be macros of approxi-
mately nuclear density satisfying
σx ≈ 2× 10−10
(
Mx
g
) 2
3
cm2 , (1)
as several models for macros describe potential candi-
dates with approximately that density. The idea that
macros could be formed entirely within the Standard
Model was originally proposed by Edward Witten [1]
in the context of a first-order QCD phase transition.
Lynn, Nelson and Tetradis [2] and Lynn again [3] sub-
sequently described a more realistic model for Standard-
Model macros as bound states of nucleons with signif-
icant strangeness. Nelson [4] studied the formation of
nuggets of strange-baryon matter during a second QCD
phase transition – from a kaon-condensate phase to the
ordinary phase. Others have considered non-Standard-
Model versions of such objects and their formation [5].
Colleagues recently determined which regions of macro
parameter space remain unprobed [6, 7]. A longstanding
constraint comes from examination of a slab of ancient
mica for tracks that would have been left by the passage
of a macro moving at the typical speed of dark mat-
ter in the Galaxy. This was used to rule out macros of
Mx ≤ 55 g for a wide range of cross sections (see [8] and
[9]). Various microlensing experiments have constrained
the dark-matter fraction for masses Mx ≥ 1024 g [10–
13]. Reference [14] utilized the full Boltzmann formalism
to obtain constraints from macro-photon elastic scatter-
ing using the first year release of Planck data. In par-
ticular, a sufficiently high dark-matter photon interac-
tion will generate distinctive features in the temperature
and polarization power spectra at high ` values. Con-
straints were derived by comparing the spectra to the
latest Planck data, and finding the best-fit cosmological
parameters. Prior work had already constrained a simi-
lar range of parameter space by showing that the conse-
quence of dark matter interactions with standard model
particles is to dampen the primordial matter fluctuations
and essentially erase all structures below a given scale
(see e.g. [15]). More recently, the existence of massive
white dwarfs was used to constrain a significant region
of macro parameter space [16]. The region of parameter
space where macros would have produced a devastating
injury similar to a gunshot wound on the carefully mon-
itored population of the western world was also recently
constrainted [17].
More work has been done recently to identify addi-
tional ways to probe macro parameter space. With col-
leagues, we have proposed [18] using current Fluorescence
Detectors that are designed to study High Energy Cos-
mic Rays, such as those of the Pierre Auger Observa-
tory [19]. Separately, we have suggested [20] that, for
appropriate Mx and σx, the passage of a macro through
granite would form long tracks of melted and re-solidified
rock that would be distinguishable from the surrounding
unmelted granite. A search for such tracks in commer-
cially available granite slabs is planned for the next sev-
eral months.
In this manuscript, we describe a way to constrain
macro parameter space based on an idea first put for-
ward by Hills [21], who used the non-observation of fast-
moving meteors to constrain a wide range of masses of
atomic-density dark-matter candidates. We show that
far-denser dark-matter candidates were also constrained
by this “fireball” null result.
The Desert Fireball Network (DFN) [22] is a network of
cameras in Australia searching for bright meteors known
as bolides. The area covered by the DFN is already
much greater than the original network used by Hills,
and thus produces more stringent constraints on macros.
There are plans for significant DFN upgrades, including
increases in observing area, as part of an effort to create
a global network. These upgrads will yield still-more-
stringent constraints on macros. We estimate the region
of parameter space that could be probed given some rea-
sonable estimates of the eventual global network of bolide
detectors being established.
The energy deposited by a macro transiting the atmo-
sphere through elastic scattering off molecules in the air
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where ρ(h) ≈ e−h/10km kg m−3 is the density of the at-
mosphere at altitude h, accounting for the atmosphere’s
scale-height of approximately 10km. σx is the geometric
cross section of the macro, while vx is its speed.
For definiteness, we assume macros possess a
Maxwellian velocity distribution in a frame co-moving
with the Galaxy,
fMB(vx) =
4piv2x
(piv2vir)
3/2
e
−
(
vx
vvir
)2
, (3)
where vvir ≈ 250 km s−1[23]. The cumulative velocity
distribution function is obtained by integrating the ve-
locity distribution function up to the desired value of vx,
representing the fraction of all macros of a minimum σx
that would be capable of producing an observable sig-
nal. This allows us to determine, as a function of vx, the
maximum mass Mx that we can probe.
The speed of a macro traveling through the atmosphere
is expected to evolve as
v(x) = v0e
−〈ρ∆〉 σxMx , (4)
where 〈ρ∆〉 is the integrated column density traversed
along the trajectory from the point of impact to the lo-
cation x. This will determine the maximum value of the
reduced cross section σxMx expected to deposit a sufficient
amount of energy to produce an observable signal with-
out being slowed excessively.
As in previous work, we consider macros of a single
mass and cross section, even though a broad mass dis-
tribution is a reasonable possibility in the context of a
composite dark-matter candidate.
The rest of the paper continues as follows. In section
II we describe the detectability of a macro of mass Mx
and cross section σx given the luminosity threshold for
detection of a passing bolide of a network of meteorite de-
tectors. In section III, we apply this detection criterion
to the two networks mentioned previously, deriving con-
straints on macro parameter space. We end section III
by summarizing the region of parameter space that will
be probed by planned upgrades to the DFN. We conclude
in section IV.
II. DETECTION THRESHOLDS
A bolide refers to a very bright meteorite with Mv ≥
−5. The original bolide networks operating in the 1960s,
’70s and ’80s were reliably capable of detecting objects of
absolute visual magnitude Mv ≤ −5 [24]. Thus, a meteor
must exceed this threshold brightness to be detectable by
the network cameras. This brightness depends on both
the intrinsic luminosity of the meteor and its distance
from the cameras. We neglect the small effect of photon
scattering along the path from the meteoroid trajectory
to the camera, which is a small correction [25].
As macros are expected to be significantly denser than
an ordinary meteorite, they are unlikely to fragment at
high altitude like ordinary meteorities. Thus they are
expected to be observable much closer to the ground.
From the limiting apparent magnitude of mV < 0.5 re-
ported for DFN [22], we infer a minimum flux that must
be received at the DFN camera Fthreshold & 10−8W m−2.
The actual flux received is proportional to the intrinsic
luminosity of the macro as it passes through the atmo-
sphere (which depends on the parameters of the macro,
i.e. vx and σx) and inversely proportional to the square
of the distance from the macro trajectory to the camera.
For a macro to be observed by the camera, the received
flux must exceed the minimum detectable.
We treat the macro as a point source moving along its
path, within the field-of-view (FOV) of a single cameral
pixel at any given time. This is reasonable given that the
pixels have a FOV [22] of (0.036◦)2.
As a macro at altitude D passes through the angle θ
subtended by the FOV of a pixel, it traverses a distance
L = Dθ – depositing energy LdE/dx (per equation (2)),
over a time L/v(x). This creates a plasma, which persists
for a time tI0 [25]. As the plasma cools it emits a fraction
 of its energy into the part of the (visible) spectrum to
which the camera is sensitive. The flux incident on the
camera pixel is then
F = min
(
v(x)
L
,
1
tI0
)

dE
dx
L
4piD2
= min
(
v(x)
L
,
1
tI0
)
× 3Jm−2
( σx
cm2
)2 ( vx
250kms−1
)4
e−
3D
20km
km
D
. (5)
In (5), we have divided by the larger of the two
timescales present in the problem, vXL , which is the pixel
crossing time, or tI0, which is the time of existence of the
plasma produced by the macro. The larger of the two
timescales is what determines the flux produced at the
camera.
3We have used the value of  previously calculated in
[18] for macros passing through the atmosphere,
 =
Nthinγ E
1
2ρatm(vx)
2σxL
≈ 2× 102
( σx
cm2
)2 ( vx
250 kms−1
)4
e−
3D
10 km .
(6)
Thus for macros, the minimum luminosity would scale
as D−1, where D is the altitude.
Using (5) and (6) allows one to infer constraints on σx
for a particular network, taking the variation in altitude
into account and using the macro velocity distribution.
To constrain Mx, we enforce the null observation of a
fast-moving macro that would have produced a bolide.
For macros large enough to be detected, the expected
number of fireball events that a survey should have seen
is
Nevents = f
ρDM
Mχ
Adettvχ (7)
where ρDM ' 5× 10−25g cm−3 , Adet is the area covered
by the network of cameras in the bolide survey, t is the
observation time vx ∼ 250 km s−1 and f is the fraction of
the local dark-matter density in objects that would cause
observable fireballs.
The passage of a macro through the field of view of a
bolide survey is a Poisson process. Thus the probability
of n passages over a given exposure time, P (n), follows
the distribution:
P (n) =
Nevents
n
n!
eNevents . (8)
whereNevents is the average number of events per interval
and is defined in (10). This is dependent on the expected
number of events and thus varies among detectors.
If a macro were to cross the field of view of one of
these networks, one would see a bolide moving far too
fast to be bound within the Solar System. This presents
an easy way to distinguish between bolides formed from
meteorites and macros. Thus, a null observation of such
a fast-moving bolide allows us to constrain macros that
are big enough to have produced a detectable signal by
requiring at the 95% confidence level that Nevents ≥ 3.
This allows a macro up to some mass Mx to be con-
strained to constitute at most some fraction of the dark
matter.
III. CONSTRAINTS FROM PAST METEORITE
NETWORKS
We derive constraints on macros from a lack of visi-
ble evidence of them transiting through the atmosphere
across the fields of view of two meteorite networks: the
first is actually a combination of the U.S. Prairie Net-
work, the Canadian Network, and the Eastern European
Network (PCE network) that operated in the 60s, 70s
and 80s [21] and the second is the Desert Fireball Net-
work [22] currently operating in Australia.
PCE network
No fireballs moving fast enough to have an origin be-
yond the solar system were observed in a large-area sur-
vey over an “effective” (i.e. scaled to the full area of the
Earth) period of 30 hours [21].
Using (5) and (6) we can find the threshold for macro
visibility by network cameras as a function of σx and vx,
σx ≥ 2× 10−4cm2
(
250km/s
vx
)2(
D
km
)1/2
e3D/20km.
(9)
In general, the plasma lifetime tI0 is larger than the pixel
crossing time of the macro, and is the term relevant from
the minimum in (5).
For this network, Adet ∼ A⊕ and t ∼ 30 hours. Thus
Nevents = 1.9× 106f g
Mχ
, (10)
The non-observation of any fast-moving fireballs, al-
lows us to conclude, at the 95 per cent confidence level,
that
f ≤ Mχ
6× 105g (11)
for macros satisfying (9). These results are presented in
Figure 1 in green with black diagonal hatching.
Desert Fireball Network
Current Constraints
In this section we recalculate, using the framework de-
scribed above, the region of parameter space excluded
by the non-observation of an extra solar bolide by the
Desert Fireball Network (DFN). DFN is an extensive
array of cameras monitoring approximately one-third of
Australian skies for bolides with a minimum magnitude
of mν ≈ 1 [22].
The Australian Nullarbor plain is a good site for a fire-
ball camera network due to ideal viewing conditions. The
lack of vegetation and pale geology make recovery of a
fallen meteor easier. These reasons, along with the rela-
tive ease of setting up an extensive network of cameras
at a reasonable price [22] led to creation of the DFN over
the last decade, to it current state of more than 50 cam-
eras observing most nights of the year [26]. This large
area will allow new constraints to be produced relative
to the previous network of cameras.
The expression for the minimum cross- section that can
be probed as a function of D and vx remains unchanged
from (9) as the specifics of the cameras in the DFN and
PCE aren’t significantly different.
The array has been running with an active detection
area of Adet ≈ 2 × 106km2 for almost three years [22].
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Figure 1. Constraints (in solid green) derived from the null observation of bolides produced by a passing macro and and the
future region of parameter space that may be probed (in green hatching). The details of the green regions are explained in the
text.
Thus the expected number of fireball events that the sur-
vey should have seen is
Nevents = 1.2× 107f g
Mχ
, (12)
Thus, we conclude that
f ≤ Mχ
4× 106g (13)
for macros satisfying (9). These constraints are presented
in Figure 1 in green with no hatching.
Future Parameter Space that May be Probed
There are concrete plans to form a global array of
cameras to increase the observing area for meteors [22].
The current array is observing approximately 0.5% of the
Earth’s surface area.
Since an important objective of such meteor-
monitoring programs is to recover the remnant mete-
orite, they are most likely to be extended over desert re-
gions, which also are the places most likely to provide the
highest fraction of times with good viewing conditions.
Deserts comprise approximately 10% of the Earth’s sur-
face, which is therefore an optimistic upper limit to the
coverage of future arrays. Realistically, the planned du-
ration of a meteor search is unlikely to be longer than
30 years, a factor of 3 longer than the current age of the
DFN. We can thus expect at most a factor of 60 increase
in total exposure.
This yields
Nevents = 1.2× 109f g
Mχ
, (14)
The continued non-observation of fast-moving fireballs
during an observing time 3 times the current value by an
array 20 times larger than the current size would place
the following constraint
f ≤ Mχ
4× 108g (15)
for macros satisfying (9). This region is presented in
green hatching in Figure 1.
5The actual value of Mx that will eventually be probed
will of course depend on the final size of the network
of cameras and its total live time. Values as high as
Mx ∼ 109 g could be probed.
IV. CONCLUSION
We have produced constraints from the non-
observation of “extrasolar meteors,” i.e. bolides pro-
duced by the passage of a macro with a sufficiently large
geometric cross section σx. We have identified a region of
macro parameter space that could potentially be probed
by expansion of the DFN network of meteorite cameras
over the coming years. This region represent a significant
(up to 60x) improvement on the mass-reach of current
constraints.
Since it is unclear what part of the available parameter
space macros should occupy, it is vital to explore as much
of it as possible.
The idea outlined here is similar to the use of Fluores-
cence Detectors to look for photons produced by a macro
passing in the vicinity [18]. The minimum values of σx
that could be probed by planned or potential expansions
of the DFN are not competitive with the lowest values
of σx that could be probed using FDs [18]. However, it
is very likely easier to reach higher masses sooner with
an upgraded bolide network than with an FD, because
of the relative (!) ease of expanding the existing bolide
networks [22] compared to building an appropriately con-
figured FD network. The FD network is needed to probe
to lower σx, especially to reach the potentially most in-
teresting nuclear densities.
An interesting corollary to this estimate of the future
parameter space that could be probed by the DFN, is
that it seems unlikely that macro masses beyond ∼ 109 g
could be probed by any purpose-built terrestrial detec-
tor assuming even an observation time of a century and
a target area the size of the Earth. Terrestrial probes
(eg. ancient rocks [8, 9, 20]) could have been continu-
ously exposed for up to 3×109 years, but we are unlikely
to carefully examine the more than 1km2 that would be
needed to push beyond Mx = 10
9g. It will therefore re-
quire innovative thinking about astrophysical probes (eg.
[16]) to probe the very highest possible macro masses.
ACKNOWLEDGMENTS
This work was partially supported by Department of
Energy grant de-sc0009946 to the particle astrophysics
theory group at CWRU.
[1] E. Witten, Physical Review D 30, 272 (1984).
[2] B. W. Lynn, A. E. Nelson, and N. Tetradis, Nuclear
Physics B 345 (1990).
[3] B. W. Lynn, “Liquid phases in SU(3) Chiral Perturba-
tion Theory: Drops of Strange Chiral Nucleon Liquid
and Ordinary Chiral Heavy Nuclear Liquid,” (2010),
arXiv:1005.2124.
[4] A. E. Nelson, Physical Letters B240, 179 (1990).
[5] A. R. Zhitnitsky, Journal of Cosmology and Astroparticle
Physics 2003, 010 (2003).
[6] D. M. Jacobs, G. D. Starkman, and B. W. Lynn, (2014),
10.1093/mnras/stv774, arXiv:1410.2236.
[7] D. M. Jacobs, A. Weltman, and G. D. Starkman, Phys-
ical Review D 91, 115023 (2015).
[8] P. B. Price, Physical Review D 38, 3813 (1988).
[9] A. De Rujula and S. L. Glashow, Nature 312, 734 (1984).
[10] C. Alcock et al., The Astrophysical Journal 550, L169
(2001).
[11] K. Griest, A. M. Cieplak, and M. J. Lehner, Physical
Review Letters 111, 181302 (2013).
[12] P. Tisserand et al., Astronomy & Astrophysics 469, 387
(2007).
[13] B. J. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama,
Physical Review D 81, 104019 (2010).
[14] R. J. Wilkinson, J. Lesgourgues, and C. Bœhm, Jour-
nal of Cosmology and Astroparticle Physics 2014, 026
(2014).
[15] C. Bœhm, P. Fayet, and R. Schaeffer, Physics Letters B
518, 8 (2001).
[16] P. W. Graham, R. Janish, V. Narayan, S. Rajendran,
and P. Riggins, Physical Review D 98, 115027 (2018).
[17] J. S. Sidhu, R. J. Scherrer, and G. Starkman, “Death by
dark matter,” (2019), arXiv:1907.06674.
[18] J. S. Sidhu, R. M. Abraham, C. Covault, and
G. Starkman, (2018), 10.1088/1475-7516/2019/02/037,
arXiv:1808.06978.
[19] J. Abraham et al., Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 620, 227 (2010).
[20] J. S. Sidhu, G. Starkman, and R. Harvey, “A counter-
top search for macroscopic dark matter,” (2019),
arXiv:1905.10025.
[21] J. G. Hills, The Astronomical Journal 92, 595 (1986).
[22] R. M. Howie, J. Paxman, P. A. Bland, M. C. Towner,
M. Cupak, E. K. Sansom, and H. A. R. Devillepoix,
Experimental Astronomy 43, 237 (2017).
[23] This is the distribution of macro velocities in a non-
orbiting frame moving with the Galaxy. When consid-
ering the velocity of macros impacting the atmosphere,
(3) is modified by the motion of the Sun and Earth in
that frame, and by the Sun’s and Earth’s gravitational
potential. We have taken into account these effects (as
explained, for example, in [27]), except the negligible ef-
fect of Earth’s gravitational potential.
[24] R. E. Mccrosky and J. H. Boeschenstein, Optical Engi-
neering 3 (1965), 10.1117/12.7971304.
[25] J. S. Sidhu, R. M. Abraham, C. Covault, and G. Stark-
man, JCAP 1902, 037 (2019), arXiv:1808.06978 [astro-
ph.HE].
6[26] “The research - fireballs in the sky,” http://
fireballsinthesky.com.au/the-research/, accessed:
2019-06-13.
[27] K. Freese, M. Lisanti, and C. Savage, Reviews of Modern
Physics 85, 1561 (2013).
